A method of sizing stand-alone photovoltaic systems regarding the reliability to satisfy the load demand, economy of components, and discharge depth exploited by the batteries is presented in this work. Solar radiation data simulated by an appropriate stochastic time series model, and not actual measurements, are used in the sizing procedure. This offers two distinct advantages: (a) sizing can be performed even for locations where no actual data exist, (b) the influence of the variation of the statistical parameters of solar radiation in sizing can be examined. The method has been applied and tested for several representative locations all over Greece for which monthly daily average values of solar radiation are given by ELOT (Hellenic Organization of Standardization).
INTRODUCTION
An essential first step when designing a stand-alone photovoltaic (PV) system is to determine the total power of the PV system and the energy of the batteries in such a way that the system becomes capable of satisfying the load (demand) at a given reliability level and minimum cost. Sizing a PV system is, apparently, a quite complex issue because several stochastic parameters are involved having a significant contribution, e.g., meteorological data, variation of demand on daily and seasonal bases, and economical considerations.
So far, several methods have been proposed in the literature for sizing stand-alone photovoltaic systems [1] [2] [3] [4] [5] . These methods either rely on tabulated seasonal-monthly average values of solar radiation and employ simplified calculations, or rely on daily/hourly measured values of solar radiation and incorporate simulation techniques. The simplified methods are generally not satisfactory; especially for cases where increased reliability is required as regards the response to the electric consumptions. On the other hand, the simulation methods require detailed information on a daily or hourly basis for prolonged periods of time (above 10 years), which is often not available. An alternative and perhaps more efficient approach when using simulation methods is to employ stochastic models for generating solar radiation data which retain all the essential stochastic features (radiation distributions, correlations, etc.) of the actual data. Such stochastic models have been sporadically communicated in the past [6] [7] [8] [9] .
The present study is concerned with sizing stand-alone photovoltaic systems for different locations in Greece. To produce hourly solar radiation data, the stochastic model of [9] is employed (with some refinements), for it involves the fewer and, virtually, the more salient statistical parameters of solar radiation (tabulated monthly average daily values and the respective standard deviations). If tabulated standard deviations values do not exist, they can still be estimated by the stochastic model of Bent et al. [10] . Certain key simplifications in the theoretical problem formulation in that study allowed the development of a realistic, yet sufficiently simple, model with broad applicability which can be used as a convenient diagnostic tool for investigating the sensitivity of the design of a stand-alone photovoltaic system to the variation of the aforementioned statistical parameters. Tabulated monthly average values of daily solar radiation data, needed as input to the simulation code, are taken by ELOT [11] , whereas standard deviations are estimated from measured daily values of solar radiation for the Greek cities of Serres, Kavala, Athens, and Hania. This is done in the absence of original standard deviation data for most of the locations considered herein. However, to partly overcome this uncertainty, the possible effect of the standard deviation variation to the system design is thoroughly examined. In addition, it is investigated how the batteries' discharge depth affects the optimum design considering that it is directly associated with their durability. It is of great importance to realize prior to PV sizing whether the system design is accurate enough when it is based on simulated data alone. In pursuing this goal, a comparison is made between designs based on actual measurements of solar radiation in Serres and simulated data computed from the average values of the actual measurements for a period of a year.
STOCHASTIC MODEL OF SOLAR RADIATION
If the daily clearness index is defined as
(G d is the daily solar radiation and G o,d the extraterrestrial solar radiation for the same day), then according to [9] the clearness index K d can be described by a time series:
where 
2 ) = 1 with a correlation coefficient among its successive elements of ρ = 0.23 and a distribution as displayed in Figure 1 .
The above distribution can be approximated by a 3-parameter Weibull distribution as it is shown in Figure 2 . This is a refined approach with respect to what was used in [9] .
The daily values of μ d for the whole year are derived from tabulated average monthly values (12 values per year) by simple linear interpolation. The same applies also for the daily σ d .
In cases that there are no available σ d data, these values can be obtained from Figure 3 which was deduced from A. Balouktsis et al. PV units
Controller n c n w3 Figure 4 : Schematic representation of a stand-alone PV system. n PV : efficient factor of PV units, n w1 : line efficient factor between PVconverter, n w2 : line efficient factor between inverter-load, n i : efficient factor of inverter, n c : efficient factor of converter, n w3 : line efficient factor between converter-batteries, n b : efficient factor of batteries, n deg : degradation coefficient of PV units.
the clearness index distributions in [10] . The corresponding standard deviations are estimated from the relation:
SIMULATION METHODOLOGY
A typical stand-alone photovoltaic system consists of a number of PV units connected in series and in parallel, batteries, a converter or controller for supervising the charging and discharging of the batteries, and, finally, one or more inverters connected in parallel, for the case that an alternating current balance is included in the system. Figure 4 illustrates better the energy approach that is incorporated in the sizing procedure where, in addition to the individual units, the corresponding efficiency coefficients are also depicted. In the simulation, the energy balance between production and demand is inspected during the daytime in two stages: one from sunrise to sunset and another for the rest of the day. The most important inspection steps are as follows.
(a) The daily solar irradiation is converted from the horizontal, G h , to the inclined plane of the photovoltaic units, G t . Total irradiance on the PV array plane is calculated using an isotropic model for both the diffuse irradiation and the ground reflected irradiation. Calculations by this model take into account the location latitude. Details on the above can be found in classic solar engineering books, e.g., [12] ; (b) The energy of the photovoltaic, E d , is estimated for the period of a day by the relation
Then, the energy at the level of the alternating current balance (bus point) is calculated from the formula
Next, this value is compared to the daylight energy demand E light,load where two different cases are considered:
, the batteries are charged with energy equal to
with the simulation checking at the same time for the batteries not to be overcharged, 
C bat
Simulations for different pairs
Contours C bat P PV Figure 5 : Block diagram of simulation methodology to produce C bat versus P PV curves.
(b2) if E d,load < E light,load , the system does not satisfy the demand for a period of time equal to
where τ d is the duration of the daylight which has a different value for every day of the year;
(c) For the night hours, the energy demand E night,load is satisfied exclusively by the batteries and, therefore, they are discharged by an amount of energy equal to
where
The simulation checks at the same time for the batteries not to be discharged below the minimum depletion level which is determined by the discharge depth. For the case that the balance of the energy at bus point requires discharge of the batteries below their minimum level, then the system is considered as not satisfying the demand for a period of time proportional to the energy not covered.
Following the above steps, the behavior of the system is examined separately for every different location and for an extended period of 10 years. Specifically, for every pair of PV power-batteries energy, the reliability index of the system is calculated, defined as the ratio of the hours satisfying the demand over the total hours of simulation:
hours satisfying the load total hours of simulation .
Running the simulation code for an individual pair of PV power-batteries energy, a single value for the reliability index is calculated. For a series of different pairs, a table is constructed of reliability indexes versus pairs of PV powerbatteries energy. The resolution of this table can be made as fine as desired in order to attain the required accuracy. Any PV power value is then interpolated among the elements of this table to obtain the corresponding value of the batteries, capacity for the different reliability levels of the system specified by the user. In other words, points of the function f (P PV , C) = R are evaluated. Subsequently, using nonlinear least squares numerical methods, the above functions are materialized into the general form:
where P PV is the peak PV power in kWp and C bat the capacity of batteries in kWh. The whole procedure is presented in Figure 5 .
DESIGN CONSIDERATIONS: PARAMETRIC INVESTIGATION
In the present study, the proposed stochastic time series model has been utilized to generate solar radiation data because original measurements are not available for most of the locations encountered in the calculations. The success of this effort relies largely on whether the theoretically generated data resemble sufficiently the lacking measurements or, in other words, whether their statistical parameters adequately approximate the respective parameters of the missing actual data. Therefore, a comparison is made first between the simulated solar radiation values and measured data for a period of a year. The measured time series data and those determined from the simulation are displayed in Figures 6a and 6b, respectively. Table 1 presents the corresponding average values and standard deviations. As can be seen, the maximum error in the average value is less than 9%. Contrasting the sizing results obtained using the actual and the simulated data for Serres, at two different reliability levels (0.9, 0.99), the following are observed: at reliability 0.9 the design is almost identical (deviation less than 1%) and at reliability 0.99 the deviation is less than 8%, the data from the simulation producing always higher sizing values.
Next, the possible effect of the variation of standard deviation (σ) of the radiation on the optimum design of the system is investigated. Figure 7 demonstrates the solar radiation time series produced by simulation with 0.2σ, σ, and 2σ standard deviation for the city of Athens.
The mean percentage difference between the cases of 0.2σ and σ is: (a) for the economical components −30%, (b) for the capacity of the batteries −50%, (c) for the power of the PV −15%. When comparing the cases of 2σ and σ the respective values are: (a) for the economical components 16%, (b) for the capacity of the batteries 50%, (c) for the power of the PV 1%.
Finally, the effect of the discharge depth of the batteries is examined as regards the design procedure. For this purpose, some necessary information from the literature [14] is utilized as reproduced in Table 2. A. Balouktsis et al. The sizing examination is conducted for PV systems for some Greek cities for which measured solar radiation data could be found. In all cases, the most economical design (for a 30-year life cycle of the total PV system) is attained by using batteries with discharge depths <= 35. This value is eventually selected for the calculations of the present study.
RESULTS
For the course of the present calculations, the daily electric demand is taken as 1 kWh, constant throughout the year. The tilt of the photovoltaic units is set at a value equal to the latitude of each examined location plus 20 degrees. For all Table 3 according to the work of Lasnier and Ang [13] . Furthermore, the PV cost recently announced by the American Department of Energy, 5 $/Wp, is also employed for the sake of comparison. The discharge depth is assumed to be constant at 35% which results in a batteries' life cycle of 5 years. Figure 8 displays PV batteries curves of equal reliability as well as optimum points for the Greek cities of Serres, Athens, and Hania.
The PV sizing method and the stochastic radiation time series model (both described above) combined with tabulated monthly radiation values were successfully applied for sizing stand-alone PV systems at different locations in Greece. Table 4 summarizes (a) information as provided by ELOT [11] on the latitude and minimum monthly average daily solar radiation on the tilted plane G d,t , (b) battery capacity C bat , (kWh), (c) the power of the PV given in Wp. The above are provided for two PV costs, namely, 12 $/Wp and 5 $/Wp. Classification of the various locations into different zones is performed according to the radiation levels as reported in [15] .
CONCLUSIONS
The proposed method of sizing stand-alone photovoltaic systems in combination with an appropriate stochastic time series model for solar radiation offers two distinct advantages in sizing stand-alone PV systems: (a) sizing can be performed even for locations where no actual data exist, (b) the influence of the variation of the statistical parameters of solar radiation in sizing can be examined. The method has been successfully applied for several representative locations all over Greece. The capacities of the batteries incorporated in the system are seen. In addition, it is investigated how the batteries' discharge depth that the variance of solar radiation influences largely affects the optimum design considering that it is directly associated with their durability. The proposed method is the first step in an effort to produce a simplified generalized procedure for sizing stand-alone PV systems.
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